It was explored a new SU (3) L ⊗ U (1) X electroweak extension of the Standard Model, where new particles arise with peculiar signatures as heavy fractionally charged leptons and electrical neutral quarks, among others. We examine the branching fraction and the lifetime of new heavy leptons in order to discriminate if they could be identified as long-lived particle candidates. In addition, it was compared the production cross-section for these exotic leptons through a Drell-Yan process for the LHC and future hadron facilities. 
I. INTRODUCTION
The Large Hadron Collider (LHC) experiment collected an enormous amount of data since the year 2010, but have not yet exhibited any proof of physics beyond the standard model (SM). As a consequence, the investigation of atypical final state signatures that could escape from the standard analysis techniques has increased [1] [2] [3] [4] [5] .
An extensive range of physics models that enlarge the SM such as R-parity violating (RPV) supersymmetry (SUSY) [6] , split SUSY [7] , hidden valley models [8] , and the minimal B-L extension of the SM [9] predict the appearance of new, massive and long-lived particles (LLPs).
Usually, LLPs have lifetimes greater than a few nanoseconds and can cross distances larger than the extent of a conventional collider detector and seem quasi-stable. Due to their large mass, the LLPs are expected to be slow in comparison with ordinary final state particles [10] . Another feature that LLPs could have is to carry a fractional electric charge. This condition is proposed by some theoretical models [11, 12] and both ATLAS and CMS Collaborations have already performed searches of new heavy lepton-like particles with nonstandard electric charge [13] [14] [15] . In particular, CMS exclude at 95% confidence level such particles with electric charge ±2e/3, with masses below 310 GeV, and those with charge ±e/3, with masses below 140 GeV [16] . Experimentally LLPs may be misidentified or unobserved since charged particle identification algorithms generally assume that particles have speeds close to the speed of light and charges of ±1e [4] .
In the last years, the interest in this type of particles with exotic properties has raised, triggering in the joint work of experimental collaborations such as ATLAS, CMS, LHCb, milliQan, MoEDAL, MATHUSLA, FASER, Codex-b, to define a plan in the search for this signature in the coming years [17] .
The possibility of having fermions with exotic charges within non-supersymmetric constructions beyond the SM has been the object of several studies [18, 19] . For example, in models based on the local gauge group SU (3) c ⊗ SU (3) L ⊗ U (1) X called hereafter 3 − 3 − 1 models for short. In this context, the relation among the electric charge operator (Q), the SU (3) L group generators (T 3 , T 8 ) and the X charge of U (1) X , is given by
where β fixes the matter content of the model. We can find 3 − 3 − 1 versions containing quarks with exotic electric charges (−4/5 e and +5/3 e) for β = ± √ 3 [20] [21] [22] [23] . On the other hand, a new version, for β = 0 has been proposed, containing leptons and quarks with charge ±1/2 e and ±1/6 e respectively. Also, in this version, we have new gauge and scalar bosons with charges ±1/2 e [24] .
In a similar way, we propose in this work a new version of the 3 − 3 − 1 model, set by the condition β = 1/ 3 √ 3 . In this framework, emerge new leptons with charge −2/3 e, extra quarks with charges +1/3 e, 0, and exotic gauge and scalar bosons with charges ±1/3 e and ±2/3 e, in addition to a new neutral boson Z . Our proposal maintains the special features of the 3 − 3 − 1 models, such as the relation between the number of fermionic families and the number of colors in QCD, and the quantization of the electrical charge independent of the naturalness of the neutrinos among others [25] . Specifically, associated with the electric charge, this new 3 − 3 − 1 version differs from the previous case (β = 0) in that all the extra particles in the model acquire electric charge values compatible with Q = ±1/3 e, that happens in grand unified theories (GUTs) for example [26] . From the phenomenological point of view, the chance that the exotic lepton may have a large lifetime of the order of the nanoseconds makes our proposal interesting given the experimental interest in looking for signs of long-lived particles through their production and decay.
Thus, the paper is organized as follows: in Sec. II we present the model involving the Standard Model and exotic particles at all sectors: fermions, gauge bosons, scalar bosons, and the charged and neutral currents for leptons and quarks. In Sec. III, we study the decay and production of the exotic lepton within the current and future energy regimes for hadron colliders and finally, in Sec. IV we present our conclusions and perspectives.
II. THE MODEL
As already mentioned, the 3 − 3 − 1 models are constructions with 
where the new lepton have exotic electric charge −2/3 e. The numbers in parentheses indicate the field transformation properties under SU (3) C , SU (3) L , and U (1) X , respectively.
The two first quark families form SU (3) L anti-triplets
and the third family is assigned to SU (3) L triplet:
where the new exotic quarks D a and T acquire the electric charge +e/3 and 0, respectively.
We call attention to the fact that in order to cancel anomalies associated with SU (3) L gauge group, the leptons, and the third quark family are assigned in triplets, while the first two quark families are SU (3) L anti-triplets. In order to generate mass to the particles in this model, we introduce the following scalar sector [27] 
where the charges were assigned using the charge operator matrix, Eq. (1) with β = 1/ 3 √ 3 .
These three Higgs multiplets will be necessary to generate mass for fermions and gauge bosons in the model. In addition, those fields develop vacuum expectation values (VEVs)
with
The hierarchical symmetry breaking produced by the Higgs triplets is the following:
In order to obtain the neutral and charged currents involving fermions and the neutral and charged bosons, we introduce the covariant derivative:
where g and W b µ (b = 1, .., 8) are the coupling constant and gauge boson octet related with the SU (3) L group respectively. In a similar way, g X and B µ are the coupling constant and gauge boson singlet related with the U (1) X group. Using the fundamental representation of the Gell-Mann matrices, we obtain the matrix for electroweak gauge bosons:
we define the charged and non-Hermitian gauge bosons as:
the charge assignment of the gauge bosons is obtained using [Q, ψ] = −qψ for a general β:
The particular choice β = 1/ 3 √ 3 leads:
The new charged vector bosons carry fractional charge ±2e/3 and ±e/3. The masses of the charge gauge bosons are:
Notice that
in order to keep the new gauge bosons V ±2/3 , U ±1/3 sufficient large to have coherence with low-energy phenomenology [20] .
The neutral physical gauge bosons in the (W 3 ,W 8 , B) basis with β = 1/ 3 √ 3 , are [28] :
where
and θ W is the Weinberg angle. The masses of these neutral states are:
The relation between the coupling constants for a general β, is given by [29] , [28] : (22) with β = 1/ 3 √ 3 , s 2 W has to be smaller than 0.96 to avoid g X (M Z ) becomes infinite and a Landau-like pole arises. The difference with respect to minimal 3-3-1 model (β = ± √ 3) is that in our case we do not undergo constraints imposes by the perturbative conditions [30] , [31] favoring a high SU (3) L symmetry breaking scale and considerable heavier gauge bosons [32] .
On the other hand, the charged current lagrangian that contains the new heavy leptons of the model is
In a similar way, the neutral currents involving the Z and new Z bosons have the form
where f can be leptons and quarks and g is the weak coupling constant, g V and g A are the known SM couplings, whereas the new couplings g V and g A are presented in the Table I . 
We do not employ the scalar η in the above expression because this leads to couplings with right-handed neutrinos, which are not considered in the studied model. By another hand, after the symmetry breaking, the states χ −1/3 , χ 2/3 from (5) that are coupled to E −2/3 will be related with Goldstone bosons whereas ρ will be associated with the new charged Higgs boson, as can be observed in [28] 
Using (5), (6) and (26) we finally obtain the Yukawa term that relate the exotic Higgs with the electron and the new heavy lepton (27) In addition, from the expression (25) it is obtained that the mass of the new lepton M E is proportional to the corresponding Yukawa coupling and v χ . The projectors are defined as
III. EXOTIC LEPTONS LIFETIME AND BRANCHING RATIOS
In this section, we examine the total decay width (Γ) for the exotic lepton E −2/3 and their respective branching ratios (BR). From the gauge and Yukawa interactions, presented in the Table II , the two-body decay modes for the exotic lepton are
where = e − , µ − , τ − and U +1/3 , V −2/3 and H +1/3 are the exotic gauge bosons and one of the charged Higgs respectively. In order to study the properties of the new particle, the 3 − 3 − 1 model with β = 1/ 3 √ 3 was implemented in the LanHep package [33] in interface with
CalcHep [34] . In particular, to analize Γ and the BR of this exotic particle, some parameters of the model have to be fixed. For example, combining the equations (18), (19) , (21) and (22) for β = 1/ 3 √ 3 we obtain
Hence, it can be observed from the above expression that once the mass of the Z boson is chosen, the gauge bosons masses will be fixed. From relation (21), if we select v χ = 5700
GeV, we obtain M Z = 3000 GeV, which is compatible with the current experimental limits for this neutral exotic boson. As a consequence, the new gauge bosons masses will be fixed to M V ≈ M U ≈ 2600 GeV. In addition, according with the condition (7) we choose v ρ = 225
GeV in order to set the constant coupling among the heavy lepton, the electron and the exotic Higgs, that appears in Table II .
Therefore, it is clear that decay channels for the exotic lepton E −2/3 involving gauge bosons in association with SM leptons are forbidden for masses below 2600 GeV. In this scenario, the exotic lepton can only decay into SM leptons and an extra charged Higgs H
1/3
as it is show in the Fig. 1 . In Fig. 2 , we display the total decay width for this exotic lepton in function of its mass, for values between 500 and 5000 GeV.
On the other hand, the proper lifetime of a particle, τ , is given by
where m X is the mass of the particle, M is the matrix element for its decay into p f , and dΠ f is the Lorentz-invariant phase space for the decay 1 . In this way, for a particle to be considered as long-lived, there must be a small matrix element and/or limited phase space for the decay. In our case, the phase space is limited by the mass splitting M E − M H and thus, if we take M E = 500 GeV and M H = 490 GeV , the width for the exotic lepton is ∼ 10 −12 GeV and as consequence such new lepton has a lifetime ∼ 10 −8 s and could be considered as a LLP. Notice from Fig. 2 that for M E > 2600 GeV, the decay width increase due to the new open channels and the new lepton could not be considered as a LLP anymore.
IV. PRODUCTION OF E ±2/3
In this section, we consider the pair production of exotic leptons through the Drell-Yan
1 In this expression, we consider = c = 1. for current and future colliders such as HL-LHC (High-Luminosity LHC) ( √ s = 14 TeV) [35] , HE-LHC (High-Energy LHC) ( √ s = 27 TeV) [36] and FCC-hh (Future Circular Collider hh) ( √ s = 100 TeV) [37] in our analysis.
Let us first focus on the experimental bounds of the exotic charged lepton masses. As it was explained in the introduction, the experimental limit for heavy leptons with exotic electric charge ±2e/3 was established by the CMS collaborations to be > 310 GeV. Then, we choose as a start point the value M E = 500 GeV. Another input in our study is the mass of the new neutral gauge boson Z . From the mass relation (31), we have for v χ = 5700
GeV, M Z = 3000 GeV and Γ Z = 90 GeV. TeV as a function of its mass for a range values from 500 to 1000 GeV.
In Fig. 3 we present our results for the E −2/3 pair production total cross section using the above scheme. All calculations were performed using CalcHep package at leading order adopting the CTEQ6L parton distribution functions, with renormalization/factorization scales fixed at the exotic lepton mass. It can be observed from the figure that the total cross section fluctuates between 4 fb up to 200 fb for an exotic lepton with M ∼ 500 GeV. In Table   III we show the expected number of events for different collision energies and luminosities assuming an exotic lepton mass of 500 GeV. From the experimental side, after it was created, the long-lived particle E −2/3 could directly interact with the detector while traversing it. Depending on its lifetime, the LLP can deposit energy in only the innermost sub detectors, or even travel through all layers and leave signals throughout it. Thus, we must consider diverse approaches in order to identify LLPs such as high ionization energy loss and delayed arrival in distant detector subsystems [10, 17] .
V. CONCLUSIONS AND PERSPECTIVES
In this work, we have presented a new version of the 3 − 3 − 1 model, defined by β = 1/ 3 √ 3 . This particular construction contains new fermions and bosons with fractionally electric charges. Specifically, it predicts leptons with q = ±2e/3, gauge bosons with q = ±2e/3, q = ±1e/3, electrically neutral quarks, and scalar particles with exotic charges, beyond the SM particle content.
In the analysis about the new exotic lepton lifetime, we found that for M E below the gauge bosons masses, the exotic lepton decay channel is E −2/3 → H +1/3 +e − and for a mass splitting of ∆M (H +1/3 , E −2/3 ) < 10 GeV, the decay width of the exotic lepton is Γ E ∼ 10 −12 GeV which correspond to τ ∼ 10 −8 s. As was explained in the introduction, usually a LLP has a lifetime greater than a few nanoseconds, which allow in our case to identify the exotic lepton as a long-lived particle.
From the results of the pair production cross-section, we think that our proposal to generate an exotic lepton E ±2/3 with M ∼ 500 GeV, at the LHC, and in future hadron colliders is attractive given the high number of expected events shown in Table III . The difficulty resides in detect such particles given the peculiar signature they have. ATLAS
and CMS have developed interesting techniques to identify these new particles such as measurements of ionization energy loss (dE/dx), the observation of a stopped particle decay signature, displaced vertices, etc. [1] [2] [3] [4] [5] .
Finally, we call the attention that another interesting possibility is to analyze the case of β = −1/ 3 √ 3 . In this situation, the new lepton acquires electric charge of ±1/3 e and in the quark sector appears two neutral quark and one quark with charge 1/3 e. The phenomenological consequences implied by such a model are appealing and will be the
